INTRODUCTION MOST STUDIES OF THE MIDDLE-EAR
MUSCLES have emphasized their reflex role in protecting the inner ear from damaging loud sounds (8, 12, 13, 24, 26, 30, 36) . Recent demonstrations of middle-ear muscle activity during lowintensity sounds (29) suggest that these muscles may have a wider role than merely protecting against mechanical damage. The present experiments reveal that in waking cats middle-ear muscle activity may be modified by prior acoustic experience, by nonacoustic factors such as bodily movements, and by changing the significance of the sound for the animal. This paper presents an analysis of some of the mecha.nisms underlying middle-ear muscle activity and illustrates both sustained and transient contractions which are regulated according to complex central activities, rather than responding as a fixed protective reflex arc.
MATERIALS AND METHODS
Electrodes were implanted at the round window in adult cats according to the method of Galambos and Rupert (7). Animals with round-window electrodes have been divided into three groups: 1) Fourteen "normal" animals; 2) twelve animals with one or both tendons of the intra-aural muscles sectioned; and 3) seven animals with one or both eighth cranial nerves sectioned but with intact intra-aural muscles. Operative procedures were performed on animals anesthetized with Nembutal, and utilizing aseptic technique. The surgical approach for electrode implantation of both the round-window and intra-aural muscles was from the posterior-lateral aspect of the bulla through a curved incision just behind the pinna. The tendons of the tympanic muscles were cut using a Zeiss binocular operating microscope at about 20 X magnification.
Division was done with the cutting circuit of a Birtcher electrosurgical unit, delivered to the bared tip of a 3O-gauge stainless steel wire. This method permitted division of the tendons without damage to or dislocation of the ossicular chain. The eighth nerve was approached intracranially at the internal meatus of the internal auditory canal and crushed to avoid cutting the internal auditory artery and seventh nerve. At the end of all operations the bony defect in the bulla was closed with dental cement (Acralitel.
The animals were allowed to recover for a week prior to experimental observations. Electrical activity of middle-ear muscles in seven cats was recorded with bipolar 36-gauge enamel insulated, stainless steel electrodes. The electrodes were made in the following manner. The insulation was stripped from the first 2 mm. of each electrode and the tip sharpened on a honing stone. Several coils were made 3 mm. from the sharpened tip. A single polyethylene tubing (PE 10) was threaded over two such wires from the unsharpened end and knotted just above the coils. The tips were placed in the muscle and the polyethylene tubing fixed to the bone with dental cement at the point where it crosses the opening ' summated round-window responses return promptly to pre-exposure level.
2. Role of middle-ear muscles. Activity of the middle-ear muscles is responsible for: a) the initial attentuation of round-window response shortly after onset of white noise; b) the gradual rise thereafter; and c) the intervening decreases associated with bodily movements.
The effects of severing the tendons of the middle-ear muscles are shown in Fig. 2 , under "efferent mechanisms." With both tendons sectioned (three cats) the ipsilateral round-window responses are maximal at onset and do not show further rise with continuing exposure (Fig. 2b) . (The small changes, +3, 4 db, seen in the summated record reflect variations in sound field in different parts of the cage. Thus, the summated record for this animal is the same as that obtained by a moving microphone at the height of the cat's head.) The round-window response recorded from animals whose middle-earmuscles are inactivated by Flaxedil is a plateau.
When the tendon of the tensor tympani is sectioned leaving the stapedius intact (five cats) animals attenuate round-window responses both at onset of However, ovements ranging muscles though only one auditory nerve is left intact (five cats). In t!hese animals, round-window responses differ on the side of eighth-nerve section as compered to the contralateral control; on the operated side, round-window responses are attenuated only after 70--300 msec. (Fig. 2f) , about five times the latency of the control (Fig. 2gj . Moreover, the amplitude of attenuation is about! one-half that of the unoperated side, although falling within the upper part of normal range. These differences do not result from injury to the seventh cranial nerve supplying the stapedius muscle, as the middle-ear muscles contract1 equivalently on the two sides during bodily movements up to the still 9 db. even occur occ urs and is of Bilateral ace and vocalization. These results suggest that normal a CO ustic reff of the middle-ear muscles depend on the intactness of sensory with the central nervous system. An analogous phenomenon may be the amaurotic mydriasis appearing after damage to one optic nerve. This is ex co func tions tions nnec associated with the maintenance of normal pupillary dynamics during convergence (5).
The acoustic reflex contraction is s abolished at levels of anesthesia very sensiti ve to N cranial embut when other #aI anesthesia. reflexes, such nerve Anesthetized animals show maxisound (Fig. 2h) . There is no rise during continuing sound exposure and the transient decreases associated with movement are absent. During 2 hours of continuing exposure, summated responses may decrease slightly (about 1 db). Round-window responses change during repetitive bursts of loud white noise. Figure 3A shows the results obtained in a normal animal when exposed to a 500-msec. burst of 90-db white noise repeated every 2 sec. for a total of 10 bursts. Cochlear microphonics recorded during a succession of sound bursts tend to become 1) smaller in amplitude at onset, 2) attenuated more rapidly, and 3) attenuated to a greater degree than initially. These changes are temporary, as the response to the eleventh sound burst, given after an interval of 2 min. of rest, is similar to the first. With repetitive lowintensity (60 db) stimulation this effect is much smaller or absent. Animals with one eighth nerve crushed still show these dynamic changes bilaterally PETER W. CARMEL AND ARNOLD STARR (Fig. 3B) . However, round-window responses on the crushed side show a longer latency and attenuate less with each sound burst than on the normal side. Animals with the tendons of both middle-ear muscles sectioned show no such dynamic changes in round-window response with repetitive exposure to a loud sound stimulus (Fig. 3C ). This indicates that activity of efferent eighth-nerve fibers projecting to the cochlea do not seem to play a role in modifying round-window responses to such repetitive stimuli. Finally, this attenuation does not develop in intact animals anesthetized with Nembutal (Fig. 3D ).
Acoustic reflex contractions can be modified by prior acoustic experience. Figure 4A shows a control round-window response to a 60-db white noise of brief duration.
At the arrow the animal is exposed to a single burst of white noise at 95 db, lasting 300 msec. Subsequent round-window responses to the initial low-intensity sound are attenuated more rapidly and to a greater extent than in the control. These effects gradually disappear during repeated trials. They disappear more slowly if the trials are infrequent; but single test trials show that the effects entirely disappear within a few minutes.
Similar modifications of responses to low-intensity sounds are induced by associating the low-intensity sounds with electric shocks delivered across the body of the animal 500 msec. following sound onset. Two such pairings are shown at the arrow in Fig. 4B Electromyographic studies from animals exposed to even lower intensity sound (50 db) as a test stimulus are illustrated in Fig. 5 . The control shows low-amplitude electromyographic activity following sound stimulation. However, this same intensity noise yields higher amplitude electromyographic activity following a single loud noise (A) and following a single pairing with shock (B). There is no such dynamic change when the shock is preceded by a light flash (C) instead of a sound stimulus.
5. Electromyographic studies. Acoustic reflex middle-ear muscle activity is initiated in the stapedius muscle at lower sound intensities and at shorter latencies than in the tensor tympani (Fig. 6) . In both muscles the latency of response decreases with increasing sound intensity.
Lorente de N6 demonstrated such a reduction in latency of ergogram from the tensor tympani of 
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Summated recordings of the tympanic muscles, round-window and bodily movements of an animal exposed to prolonged white noise are shown in Fig. 7 . Photographs of oscilloscopic tracings taken at a much faster time base are shown in Fig. 8 . Round-window activity approximately mirrors summated intra-aural muscle activity.
At onset of white noise there is an abrupt rise in activity recorded from all middle ear electrodes. With continuing exposure, ear muscle activity decreases rapidly in amplitude during the first few minutes and gradually thereafter (Fig. 7 B and 6 (Fig. SO) . Such regular tensor tympani activity may also occur during tapping of the facial area, and occasionally spontaneously, without any apparent eliciting stimulus.
This type of rhythmic firing is seen only in the tensor; stapedius activity is characteristically asynchronous. Vocalization is associated with ear muscle activity (Fig. 9) . The muscle actlion potentials precede by 75400 msec. the onset of cochlear microphonics as recorded at the round window.
Middle-ear muscle activity continues during vocalization, generally stopping simultaneously with the termination of the round-window response. Crushing a single eighth nerve increases the latency of ipsilateral middleear muscle response to external sounds (Fig. lOA, upper beams) . The cochlear microphonics appear simultaneously at both round windows, but the action potential of the stapedius on the operated side has a 15 msec. longer latency than the normal side (Fig. lOA, lower beams) . These responses, PETER W. CARMEL AND ARNOLD STARR recorded at a slower time base, are shown in Fig. 1OB . However, in the same animal, its own vocalization elicits simultaneous bilateral activity in the stapedius muscles prior to round-window responses (Fig. 1OC) loud, white noise (95 db) consistently induced a temporary exaggeration of mid dle-ear muscle resp onse to subsequent low-i ntensity test sounds: cochlear microphonics were attenua ted more rapidly and corn pletely. Extremely faint sounds, which previously had been ineffectual in elicit)ing middle-ear muscle reactions were made temporarily effectual. Other workers have demonstrated the importance of prolonged auditory experiences in modifying middle-ear muscle contractions in both the cat (31) and in man (23). Our evidence indicates that in the cat central processes regulating acoustic reflex responses of the middle-ear muscles can be modified as well by single, brief sound exposures. The importance of the central regulation of acoustic reflex responses is made clear also from similar modifications of ear muscle activity which develop if sounds are used as a warning signal for electric shock. These contractions are specifically acoustic responses because no middle-ear muscle activity develops when a light is used as the conditional stimulus for the same electric shock.
There is extensive evidence that the amplitude of click-evoked electrical responses can be altered by prolonged repetition of the stimuli or by associating the stimulus with novel or negatively re-enforcing events (4, 9, 10, 21, 28) . The changes in click-evoked responses have been attributed to central processes regulating attention, habituation, and affective response to sounds. In the present experiments, modification of middle-ear muscle action by conditioning indicates the plasticity of middle-ear muscle responses. It may, however, be injudicious to assume that middle-ear muscle activity attenuating sound transmission through the middle ear necessarily effects a reduction in auditory "information."
3. Nonacoustic middle-ear muscle activity. Yawning (17), swallowing (35) 9 and "defensive movement" in response to painful stimuli (16)) and cutaneous stimulation of the external auditory canal, pinna, face (19), and neck (18) all are associated with middle-ear muscle activity.
The stimuli initiating contraction are nonacoustic in nature and we find them to be still effective in dea fened animals. Von Bekesy suggests that the physical characteristics of the middle ear have evolved to permit the cochlea to be maximally sensiti VE? to environmental sounds and minimally sensitive to self-produced sounds (3) e Our finding that middle-ear muscle contractions occur in advance of the sounds of vocalization, thus attenuating cochlear responses, is consistent with Von Bekesy's conception. However, vocalization is a complex motor act coordinating muscles innervated by cranial nerves five, seven, nine, ten, eleven, and twelve. Since the intra-aural muscles are innervated by two of these cranial nerves (five and seven) their activity in association with vocalization, as well as during yawning and swallowing, may represent nothing more than associated movements initiated during a complex motor performance and may not be auditory contributions per se. This interpretation is somewhat favored by the observation that these contractions persist in deafened animals .r muscles to reflex. not solely determined by the physical characteristics of sound stimuli but rather they appear to be governed by a wide variety of dynamic central nervous system processes.
